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Abstract 
Cone photoreceptors are electrically coupled 
such that when the electrical potential in one cell 
changes, it also changes in adjacent, coupled 
cells. Phosphorylation of the cone gap junction 
protein, connexin 36 (Cx36), determines whether 
a coupling channel is “open” or “closed”. Cx36-
containing gap junctions are phosphorylated in 
the open state and dephosphorylated in the closed 
state. Cone-cone gap junction modulation has not 
been extensively studied, however, the presence 
of rod-cone gap junction modulation raises the 
possibility that the same is true for cone pairs. 
Pieces of thirteen-lined ground squirrel retina 
were removed from the eye and the tissue was 
treated with either the neurotransmitter dopamine 
or a dopamine antagonist and then labeled with 
separate antibodies to Cx36 and phosphorylated 
Cx36. Cone-cone gap junctions were then imaged 
in the tissue slices and the colocalization of the 
antibody labels under the two conditions was 
TXDQWLÀHG :H K\SRWKHVL]HG WKDW GRSDPLQH
would also modulate electrical coupling between 
mammalian cone photoreceptors, which is 
also mediated by Cx36. Preliminary analysis 
suggests that the ratio of dephosphorylated 
to phosphorylated gap junctions is higher in 
dopamine versus the dopamine antagonist 
treated tissue. The results are consistent with the 
idea that dopamine, which is released during the 
daytime, induces dephosphorylation and thus 
closes gap junctions between cone cells in the 
ground squirrel, potentially reducing a source of 
“neural blur”*. 
Introduction
When light enters the eye, it passes through the cornea, 
LULV OHQV DQG YLWUHRXV KXPRU WR IRFXV ÀQDOO\ RQWR
the retina. The retina is a thin, transparent piece of  
nervous tissue that contains, on one side, the light-
sensitive photoreceptors. Two kinds of  photoreceptors 
function under different conditions: the rods are more 
sensitive to dim light, while cones function better 
Materials and Methods
All procedures were approved by the Northwestern 
University Animal Care and Use Committee. Thirteen 
lined ground squirrels (Ictidomys tridecemlineatus, 
formerly Spermophilus tridecemlineatus) were 
VDFULÀFHG E\ LQWUDFDUGLDF LQMHFWLRQV RI   PJNJ
of  pentobarbital. After extracting the eyes, pieces 
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under more intense illumination. Humans have three 
types of  cone photoreceptors that are sensitive to 
different wavelengths of  light, while ground squirrels 
only have two. In order for an image on the retina 
to be processed by the brain, cone photoreceptors 
ÀUVW FRQYHUW LQFLGHQW OLJKW LQWR DQ DQDORJ RU JUDGHG
electrical signal that is further processed by other 
nerve cells in the retina. Small changes in light intensity 
produce small electrical signals in a cone, which must 
be distinguished from the random electrical noise that 
exists in all such cells3. Cones are electrically coupled 
such that when the membrane potential in one cell 
changes, it also changes in another;; in this way, cone-
cone coupling reduces the random electrical noise 
present by allowing the signal to spread and thereby 
average-out7. A point of  light incident on the cornea is 
blurred by the eye’s optics so that it typically produces 
a common response in neighboring cones. Common 
responses are not attenuated by averaging. The amount 
of  blur increases with pupillary diameter in dimmer 
lights, and my hypothesis is that the amount of  cell-
cell coupling should also increase to take advantage of  
noise reduction without introducing additional signal 
degradation. Cone-cone coupling is mediated by gap 
MXQFWLRQVZKLFKDUHFRPSRVHGRI FRQQH[LQ&[
proteins43KRVSKRU\ODWLRQRSHQV&[FKDQQHOVDQG
increases coupling while dephosphorylation does the 
opposite. The neurotransmitter dopamine is released 
by certain retinal neurons in daylight and serves to adapt 
the retina to function in light. I therefore compared 
WKHUDWLREHWZHHQWKHLQWHJUDWHGLQWHQVLW\RI WKHS&[
DQG&[FKDQQHOV WR WHVWZKHWKHUGRSDPLQHZRXOG
DIIHFWWKHSKRVSKRU\ODWLRQRI &[SURWHLQVEHWZHHQ
cone photoreceptors. 
* The removal of  spatial detail in neural responses, as a result of  neural processes rather than optical effects.
RI  WKH UHWLQDZHUH SODFHG YLWUHDO VLGH GRZQRQÀOWHU
paper. The pigment epithelium was removed and 
the tissue, along with the attached tissue paper, was 
FXW LQWR  P VOLFHV 7KH VOLFHV ZHUH LQFXEDWHG
LQ HLWKHU SK\VLRORJLFDO VDOLQH FRQWDLQLQJ  0
GRSDPLQH RU GRSDPLQH DQWDJRQLVW VROXWLRQ  0
HDFKRI VSLSHURQHDQG6&+IRUWZRKRXUV7KH
WLVVXH ZDV WKHQ À[HG ZLWK  FDUERGLLPLGH À[DWLYH
1'LPHWK\ODPLQRSURS\O1ȨHWK\OFDUERGLLPLGH
hydrochloride) in physiological saline for 15 minutes. 
7LVVXHZDV LQFXEDWHGLQSULPDU\DQWLERGLHVIRU&[
SURWHLQ DQG SKRVSKRU\ODWHG &[ SURWHLQ IRU WZR
days at 4oC and then washed with physiological saline 
VROXWLRQ  0RXVH DQWLFRQQH[LQ  ZDV GLOXWHG
 &KHPLFRQ FDWDORJ 0$% WKH UDEELW
DQWL&[ SKRVSKR6HU DQWLERG\ ZDV GLOXWHG LQ
ZKLFKLVIURP'U-RKQ2·%ULHQDW8QLYHUVLW\
of  Texas. A glutamate receptor subunit (GluR5) was 
also labeled with goat anti-GluR5 antibody which was 
GLOXWHG LQ  6DQWD &UX] %LRWHFKQRORJ\ FDWDORJ
VF 7KLV ZDV UHSHDWHG ZLWK WKH VHFRQGDU\
antibody using a standard immunostaining protocol. 
The tissue was mounted onto a microscope slide and 
LPDJHGXVLQJ D=HLVV/60 FRQIRFDOPLFURVFRSH
ZLWKÀ[HGDFTXLVLWLRQSDUDPHWHUV7KHUDWLRVEHWZHHQ
SKRVSKRU\ODWHGDQGWRWDO&[SURWHLQVZHUHFDOFXODWHG
ZLWK0HWDPRUSKVRIWZDUH7KHLQWHQVLWLHVRI WKH&[
DQGS&[ZHUHLQWHJUDWHGRYHUWKHFRQQH[LQSODTXHV
DQGWKHUDWLRRI S&[WR&[ZDVIRXQG
Results
A DIC* light image of  the photoreceptors shows, 
photoreceptors and cone terminals indicated with 
arrows (Figure 1). Immunostaining shows the 
dopamine treated tissue with the green representing 
&[ SURWHLQ UHG UHSUHVHQWLQJ S&[ SURWHLQ DQG
yellow representing the overlap. The blue coloring 
represents the glutamate receptors at the bottom of  the 
SKRWRUHFHSWRUV)LJXUH$,QFRPSDULVRQ)LJXUH%
shows dopamine antagonist treated tissue with a similar 
FRORULQJVFKHPH%RWKODVHUSRZHUDQGSKRWRPXOWLSOLHU
gain were held constant when measuring the intensities 
RI &[DQGS&[ODEHOLQJLQFRQWUROYHUVXVWUHDWHG
tissue, so integrating the intensities of  each channel 
in the images would produce comparable ratios of  
SKRVSKRU\ODWLRQIRUHDFKLPDJH7KHQRUPDOL]HGUDWLR
of  the integrated intensities of  the two conditions is 
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shown in Figure 3, and the present data appears to 
VXSSRUW WKHK\SRWKHVLV VKRZLQJDQGHFUHDVH
in phosphorylation from dopamine antagonist to 
dopamine incubated tissue from six trials.
Figure 1.  DIC light image of  cone photoreceptors.
* DIC stands for “differential interference contrast microscopy”. It is used to create a three dimensional relief  image of  an object (such as a cell or tissue).
Figure 2. A) Dopamine treated retinal section. 
B) Dopamine antagonist treated retinal section. In 
ERWK ÀJXUHV &[FRQWDLQLQJ SODTXHV DUH JUHHQ
SKRVSKRU\ODWHG &[ LV UHG DQG WKH FRPELQDWLRQ LV
\HOORZ%OXHODEHOLQJVKRZVWKHJOXWDPDWHUHFHSWRUVWKDW
DUHORFDWHGMXVWEHORZWKHFRQHWHUPLQDOV
A
B
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Discussion
7KHUHVXOWVVKRZWKDWWKHDPRXQWRI S&[GHFUHDVHV
VLJQLÀFDQWO\ IURP WKH GRSDPLQH DQWDJRQLVW WR
dopamine incubated tissue. Therefore, dopamine 
UHGXFHV WKH SKRVSKRU\ODWLRQ RI  &[  ,Q RWKHU
SUHSDUDWLRQV SKRVSKRU\ODWHG &[FRQWDLQLQJ
JDS MXQFWLRQV DUH RSHQ DQG GHSKRVSKRU\ODWHG
MXQFWLRQV DUH FORVHG. Thus, the results imply that 
dopamine reduces electrical coupling between cones. 
Dopamine is released by retinal neurons during the 
GD\DQGUHGXFHVWKH&[PHGLDWHGHOHFWULFDOFRXSOLQJ
EHWZHHQ URG DQG FRQH SKRWRUHFHSWRUV LQ ÀVK8 2XU
hypothesis was that dopamine would modulate electrical 
coupling between mammalian cone photoreceptors, 
VLQFH WKH\DUHDOVRPHGLDWHGE\&[:H WHVWHG WKLV
hypothesis by measuring the effect of  dopamine on 
WKHSKRVSKRU\ODWLRQRI FRQH&[LQJURXQGVTXLUUHO
UHWLQDO VOLFHV3KRVSKRU\ODWHG&[JDS MXQFWLRQVDUH
RSHQDQGGHSKRVSKRU\ODWHGMXQFWLRQVDUHFORVHG2XU
results are consistent with the idea that dopamine also 
FORVHVWKHJDSMXQFWLRQFKDQQHOVEHWZHHQPDPPDOLDQ
cones. Cone-cone electrical coupling creates a 
SRWHQWLDOO\KDUPIXOQHXUDO¶EOXU·EXWLVDOVREHQHÀFLDO
since it reduces electrical noise by averaging the signals 
in neighboring cones. As long as the blur introduced 
by the eye’s optics exceeds that of  the neural blur due 
to coupling, then the noise reduction due to coupling 
comes at no cost to vision. The interaction between 
pupil diameter and optical aberration in the lens and 
cornea is the main source of  optical blur. In bright 
light, the eye’s pupil constricts, and this reduces the 
blur caused by optical aberrations. The reduced blur 
potentially causes a mismatch between light spread and 
coupling, which dopamine may function to counteract 
by reducing coupling. 
Since dopamine levels within the retina are 
modulated by light, we predict that light should 
FKDQJHWKHSKRVSKRU\ODWLRQVWDWHRI FRQH&[7KLV
SUHGLFWLRQFDQEHWHVWHGLQIXWXUHH[SHULPHQWV2WKHU
neurotransmitters such as nitric oxide have been shown 
WRPRGXODWHJDSMXQFWLRQFKDQQHOVLQWKHUHWLQD. The 
effects of  these agents can also be tested in future 
experiments.
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Figure 3.1RUPDOL]HG DYHUDJH UDWLRRI 
SKRVSKRU\ODWHG &[ WR &[ IURP
dopamine antagonist and dopamine 
incubated tissue from six trials. The error 
bars represent standard deviation.
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